ABSTRACT This paper presents a 3D absorptive frequency-selective reflection structure (AFSR) and absorptive frequency-selective transmission structure (AFST) with one reflection/transmission band and two absorption bands. The 3D AFSR utilizes the intrinsic reflection band and higher order absorption band of a wideband 3D absorber. By simply loading a printed gap capacitor in the structure, the reflection band can be easily tuned by varying the capacitance of the capacitor. A design example is presented, with a reflection band of 24.7% fractional bandwidth (FBW), a lower absorption band of 72.5% FBW, and a higher absorption band of 48.6% FBW. A 3D AFST composed of the 3D AFSR and a parallel-plate waveguide is then proposed. Its general operating principle is demonstrated, such that the 3D AFST can be seen as a combination of a 3D AFSR and a 3D band-pass FSS, which can independently contribute to the absorption and transmission, respectively. A set of guidelines is proposed to facilitate the design. A prototype of the proposed AFST is fabricated and measured. The measured results show that the transmission band is with a minimum insertion loss of 0.4 dB and an FBW of 30%. Moreover, the lower and higher absorption bands are with 63.9 % and 47.6 % FBW, respectively. The proposed AFST has a simpler structure, wider lower absorption bandwidth, and thinner thickness compared with previous structures.
I. INTRODUCTION
Low-observable platforms have played an important role in modern military systems. Generally, the shape of the platform should be carefully designed in order to reduce its radar cross section (RCS). Moreover, the scattering from the devices on the platform such as antennas must also be taken under control. Among a number of techniques that can reduce the RCS of antennas, frequency selective surfaces/structures (FSSs) [1] - [5] as stealthy radomes have been widely used and extensively studied. These radomes allow the in-band electromagnetic (EM) waves to pass through, while they reflect the out-of-band EM waves to other directions resorting to their conformal shapes. Obviously, only mono-static RCS is reduced in this way.
In order to reduce both mono-and bi-static RCS, a new kind of FSSs, termed as absorptive frequency-selective transmission structures (AFSTs) [6] - [25] , was developed in recent years. They were also termed as frequency selective rasorbers (FSRs) or absorptive/ transmissive frequency selective surface (ATFSSs) in different literatures. An AFST is almost transparent within its transmission-band (similar to a band-pass FSS), while it absorbs the out-of-band incident EM waves instead of reflecting them. Therefore, both monostatic and bistatic out-of-band RCS can be reduced. Over the years, a variety of AFSTs have been proposed. A conceptual design was given in an early patent, which was realized by cascading a lossy layer above a band-pass lossless layer [6] . A number of 2D designs were reported in the subsequent publications [7] - [19] . Some 3D designs were also presented in [20] - [25] , whose absorption and transmission paths were separately constructed utilizing lossless and lossy resonators in the 3D unit cells. 3D AFSTs have the advantages of higher selectivity of the transmission band and more stable filtering response under oblique incidence compared to 2D AFSTs, though their implementations are more complicated. It is worth mentioning that a key performance of AFSTs, both 2D and 3D designs, is the low insertion loss within the transmission band. For 2D designs, one way is to bypass the lossy components (resistors) of the lossy layer within the transmission band using series L-C resonators [11] . Another way, which was more widely used, is to introduce parallel L-C resonators into the lossy layer, which realize infinite impedance within the transmission band [12] - [19] . Similarly, for 3D designs, one way is also to bypass the resistors of the 3D lossy resonators within the transmission band using series L-C resonators [25] . Another way is to utilize the intrinsic zero impedance of short-circuited half-wavelength lossy resonators [21] , [22] .
Recently, one special kind of FSS, named absorptive frequency-selective reflection structures (AFSRs) or absorptive frequency-selective reflectors (AFSRs), was proposed [25] , [26] . An AFSR exhibits a frequency response of absorption-reflection-absorption. Specifically, an AFSR has one reflection band with two absorption bands located at its two sides. It can be seen as a counterpart of an AFST, whose transmission band is replaced by a reflection band. As indicated in [26] , it can be used as a ground plane or reflector for an antenna, resulting in out-of-band RCS reduction. According to the main features of an AFSR (a reflection band between two absorption bands), a number of reported absorbers (2D circuit-analog absorbers or 3D absorbers based on lossy resonators [27] ) have similar characteristics due to their harmonic resonances, although the reflection band and higher-order absorption band have not been paid much attention at that time. However, there are three problems of directly applying these absorbers to AFSRs: i) The relative location of the two absorption bands and the reflection band is fixed, which is not desirable in designing an AFSR; ii) The higher absorption band is much narrower than the lower absorption band; iii) The selectivity of the reflection band is poor.
In this paper, an AFSR originated from the 3D wideband absorber in [27] is proposed in Section II. Unlike the solution of shunting the absorber with a series L-C resonator to realize a reflection band in [25] , in this paper the intrinsic reflection band and the higher-order absorption band of the absorber are utilized. By simply loading a capacitor in the center of the structure, the reflection band can be flexibly lowered by varying the capacitance of the loaded capacitor. In addition, the selectivity of reflection band is improved, and the higher absorption band is also extended. It is also worth noting that since the capacitor is of very small capacitance, it can be realized by a simple strip gap printed on a thin substrate. Therefore, the proposed AFSR needs fewer lumped elements compared with the one in [25] , which results in lower fabrication cost.
A 3D AFST is then proposed in Section III, which is composed of the 3D AFSR described in Section II and a parallel-plate waveguide (PPW) with a central metalized via hole. The operating principle of the 3D AFST is demonstrated and it is considered as a combination of a 3D AFSR and a 3D band-pass FSS, which contribute to the absorption and transmission, respectively. This operating principle greatly facilitates the design of the AFST because its two components can be separately designed with little mutual interference. It is also worth mentioning that the operating principle and the design methodology are quite general and effective for all the 3D AFSTs with a pass-band of low insertion loss. A prototype of the proposed 3D AFST is then fabricated and measured, which exhibits a transmission band of 30% fractional bandwidth (FBW) and 0.4 dB insertion loss, a lower absorption band of 63.9 % FBW, and a higher absorption band of 47.6 % FBW.
II. 3D ABSORPTIVE FREQUENCY-SELECTIVE REFLECTION STRUCTURE

A. GERMETERY
The geometry of each unit-cell of the proposed 3D AFSR is shown in Fig. 1 . It is originated from the 3D wideband absorber proposed in [27] , and the periods along the x-and y-directions are denoted by W and H a , respectively. The structure is basically a shielded microstrip line that supports two quasi-TEM modes (air mode and substrate mode). Shorted by a metallic plate at the back end (z = −L) and loaded by two resistors (R s and R a ) and one capacitor (C a ), the incident EM waves (along the z direction) can be absorbed within a wide frequency range. It is noted that this structure can only operate when the electric field of the incident plane wave is in the yz-plane. An important improvement on the construction of an AFSR from the original absorber is the loading of gap capacitors in the center of the structure (z = −L 2). Because the loaded capacitors are of very small capacitance, gap capacitors (instead of lumped capacitors) are used, which are printed on substrate A 2 with a relative permittivity of 2.2 and a thickness of 0.508 mm. The gap width and length of the gap capacitor is denoted as g c and l c , respectively. It is noted that to allow the connection from the top plate to the bottom plate, a metalized via hole with a diameter of d v is fabricated in substrate B of a relative permittivity of 3.0 and a thickness of 1.5 mm.
B. EQUIVELENT CIRCUIT MODEL
In order to better understand the operation of the proposed AFSR, an equivalent circuit model is established and shown in Fig. 2 . The top (Z a , θ a ) and bottom (Z s , θ s ) transmission VOLUME 6, 2018 
lines (TLs) represent the air and substrate microstrip lines, respectively. Each TL supports one quasi-TEM mode. Their characteristic impedances and electric lengths are extracted from Eigen-mode Solver of CST [28] . The series RLC circuit (R a , L a and C a ) that connects the front end of the air TL represents the resistor, capacitor, and the connecting strip on substrate A 1 . The series LC circuit (L i and C i ) that connects the top line of the air TL and bottom line of the substrate TL represents the gap capacitor and the connecting strip on substrate A 2 . Another resistor (R s ) at the end of the TLs is shared by both air and substrate TLs. Therefore, it contributes to both air-and substrate-mode absorptions.
The reflection coefficients of the proposed AFSR, calculated from Advanced Design System (ADS) and simulated using High Frequency Structure Simulator (HFSS), are plotted in Fig. 3 . A good agreement between them can be observed. The simulated |S 11 | indicates a lower absorption band (|S 11 | ≤ −10 dB) from 1.16 GHz to 2.48 GHz and a higher absorption band from 4.27 GHz to 7.01 GHz, corresponding to 72.5% and 48.6% fractional bandwidth (FBW), respectively. The reflection band (|S 11 | ≥ −3 dB) is from 3.01 GHz to 3.86 GHz, with a FBW of 24.7%. To evaluate the selectivity of the reflection band, we define SRB as the ratio of the bandwidth for |S 11 | ≥ −10 dB and |S 11 | ≥ −3 dB, which is
It is noted that the frequency band for |S 11 | ≥ −10 dB is the band between the lower and higher absorption bands, while one for |S 11 | ≥ −3 dB is the reflection band. The closer the SRB value is to 1, the higher is the selectivity of the reflection band. For the proposed AFSR, SRB equals to 0.47.
C. OPERATING PRINCIPLE OF THE REFLECTION BAND
In order to demonstrate the operating principle of the reflection band of the proposed AFSR, we plot the evolution of the proposed AFSR from a simple short-ended PPW lossy resonator, as seen in Fig. 4 . The PPW lossy resonator in Fig. 4 (a) (denoted as AFSR #1), which has been fully described in [21] , is a simple transmission line loaded with a resistor in the front and short-circuited at the end. The second one (denoted as AFSR #2) is proposed as a wideband absorber in [27] . Compared to AFSR #1, a microstrip line is added inside the PPW, which forms a shielded micrstrip line structure, and thus two quasi-TEM modes (air mode and substrate mode) are established. In addition, a resistor (R s ) is also added to terminate both air and substrate modes. The third one (denoted as AFSR #3) is the proposed AFSR in this paper, which is a variation of AFSR #2 with a capacitor (C i ) loaded inside the structure. The reflection coefficients of these three AFSRs are plotted in Fig. 5 . It is seen that for AFSR #1, a perfect reflection is obtained at 5 GHz, at which the thickness (L) of the AFSR is almost half a wavelength. This is easy to understand because the input impedance of a short-circuited half-wavelength TL is zero. Therefore, the resistor R s is bypassed and the input impedance of AFSR #1 is also zero (Z in1 = 0), which results in a perfect reflection.
For AFSR #2, it is seen that its reflection band is slightly lower than that of AFSR #1, and the maximum reflection occurs at 4.9 GHz with |S 11 | = −0.43 dB. Moreover, both higher and lower absorption bands are lowered and expanded compared to AFSR #1. It is interesting to see that although AFSR #2 is with a more complicated structure compared with AFSR #1, their reflection bands are quite similar, which indicates similar operating principles. To further demonstrate this, the electric field distributions of AFSR #1 at 5 GHz and AFSR #2 at 4.9 GHz are plotted in Fig. 6 (a) and (b), respectively. A typical half-wavelength electric field distribution of AFSR #2 can be readily observed, which is almost the same as that of AFSR #1. Therefore, we can conclude that AFSR #2 also operates as a short-circuited half-wavelength TL within the reflection band.
Once the operating principle of the reflection band is clear, a straightforward method to tune the reflection band is to load a capacitor in the center of the TL (the location of the maximum electric field). As seen in Fig. 5 , with the loaded capacitor, the perfect reflection of the proposed AFSR drops to 3.45 GHz, which is 30% lower than that of AFSR #2. In addition, the higher absorption band also decreases with a wider fractional bandwidth.
D. DISCUSSIONS
After understanding the operating principle of the proposed AFSR, it is necessary to distinguish its advantages over AFSR #1 and AFSR #2. The first advantage, of course, is the flexibly to tune the reflection band. The reflection band can be lowered with the increase of the loaded capacitance (increase L c or decrease g c ). The other advantages with respect to the performances are listed in Table 1 . It is seen that compared to AFSR #1 and AFSR #2, the proposed AFSR has much wider upper absorption bandwidth, larger SRB value (higher selectivity of the reflection band), and thinner thickness with respect to the wavelength at both the lowest frequency of the absorption band and the center frequency of the reflection band. Finally, it is also necessary to compare the proposed AFSR with the one presented in [25] , which correspond to two different techniques in achieving the reflection band. For our proposed one, as discussed in Section II.C, the reflection band is due to the zero impedance of the short-circuited halfwavelength TL. With a loaded capacitor, the reflection band can be lowered. However, for the AFSR in [25] , an ultra-wide absorption band is realized at first by employing an additional resonator. Then a series L-C resonator is located in front of the absorber (in shunt with the absorber), which short-circuits the absorber at its resonate frequency (f s ). Therefore, zero impedance of the AFSR can be obtained at f s , which results in a reflection band. VOLUME 6, 2018 Although the upper absorption bandwidth of the AFSR in [25] is wider than our proposed one and its technique in designing 3D AFSRs is more general, it consumes eight lumped elements (four resistors, three capacitors and one inductor), while our proposed AFSR only needs three elements (two resistors and one capacitor). Moreover, the structure in [25] is more complicated due to the additional resonator. One may choose a suitable 3D AFSR considering both the performance requirements and fabrication cost. 
III. 3D ABSORPTIVE FREQUENCY-SELECTIVE TRANSMISSION STRUCTURE
A. GEOMETERY Fig. 7 depicts the geometry of the unit cell of the proposed AFST. It is composed of an AFSR presented in Section II and a PPW with a central metalized via hole, which produce the absorption and transmission, respectively. The AFSR is the same as the one presented in Section II, thus its parameters are not repeated in Fig. 7 . The PPW is filled with substrate C of a relative permittivity of 2.2 and a thickness of 3.0 mm. Air holes with diameters of d hc are drilled in substrate C, which results in a lower effective relative permittivity. The PPW is equivalent to a simple TL, which produces a transmission pole at its resonance (half-wavelength). A metalized via hole with a diameter of d vc is fabricated at the center of substrate C, which is equivalent to an inductor. It introduces an additional resonance below the original one, resulting in an extended transmission band and a sharp roll-off performance as well. 
B. OPERATING PRINCIPLE
An AFST can be seen as a combination of a 3D AFSR and a 3D band-pass FSS, as illustrated in Fig. 8 . The critical issue of designing an AFST is that the reflection band of the AFSR and the pass-band of the band-pass FSS must overlap. The reflection band of the AFSR can be easily tuned by varying the gap width and length of the printed capacitor, as mentioned in Section II. The pass-band of the band-pass FSS can also be tuned by changing the effective relative permittivity of substrate C. Therefore, tuning the transmission band of the AFST is quite straightforward.
As seen in Fig. 8 , the AFST is almost similar to a bandpass FSS within the transmission band because the AFSR acts like a PEC block (zero input impedance, c.f. Section II.C). Therefore, the incident EM waves within the transmission band can only go through the PPW with very little absorption by the AFSR. However, the AFST is similar to the AFSR within the absorption bands, because the PPW almost acts as a PEC ground out of its pass-band. Therefore, the incident EM waves within the absorption bands are absorbed by the AFSR.
To further validate the operating principle, the reflection and transmission coefficients of the proposed 3D AFST and its two components (the AFSR and band-pass FSS) in Fig. 8 are plotted in Fig. 9 . It is clear to see that within the transmission band, both |S 11 | and |S 21 | of the AFST (blue curves) are almost the same as that of a band-pass FSS (black curves). The transmission bands (|S 21 | ≥ −3 dB) range from 2.82 GHz to 3.94 and 2.84 GHz to 3.91 GHz for band-pass FSS and the AFST, respectively. Moreover, within the lower and higher absorption bands, |S 11 | of the AFST (blue solid curve) is also very similar to that of the AFSR (orange solid curve).
It is worth mentioning that our approach of regarding an AFST as a combination of a 3D AFSR and 3D band-pass FSS is effective for all the 3D AFSTs with a pass-band of low insertion loss.
C. DESIGN GUIDELINES
Based on the operating principle, we understand that the transmission and absorption performances of the AFST are almost independently determined by its two components: the band-pass FSS and AFSR, respectively. This feature is of great importance in designing an AFST because we can separately design these two components without mutual interference.
The following design guidelines are suggested for a fast design. It is seen that the design guidelines are quite straightforward and easy to follow. It is also worth mentioning that if the transmission band is designed to lower frequencies, the air holes in substrate C are not needed. Moreover, the 3D AFSR in the first step is not restricted to the design proposed in this paper (it can be of any type). For example, an AFSR proposed in [25] where the reflection band is realized by applying an L-C resonator in shunt with an ultra-wideband absorber is also suitable for designing an AFST following the abovementioned design guideline.
D. EXPERIMENTAL VERIFICATION
In order to verify our design, a prototype of the proposed AFST is fabricated and measured. As seen in Fig. 10(a) , the prototype consists of 11 × 1 unit-cells along the x-and y-directions, respectively, with a size of 154 mm × 16.7 mm × 30 mm. Taconic TLY is used for substrates A and C, while Taconic RF30 is used for substrate B. The measurement is conducted using a parallel-plate waveguide setup, as seem in Fig. 10(b) , which is similar to that described in [29] . It is noted that its upper plate is removed in the figure for a better view. The four edges of the PPW are covered with commercial polyurethane foam absorbers in order to avoid reflections from the edges. Moreover, two cones are located at the ends of the PPW in order to achieve a good transition from the coaxial line to the PPW. Fig. 11(a) shows the comparison of the simulated and measured transmission and reflection coefficients under the normal incidence, where a relatively good agreement can be observed. The measured transmission band (|S 21 | ≥ −3 dB) ranges from 2.78 GHz to 3.75 GHz (corresponding to a 30% FBW), which is slightly lower and narrower than the simulated one. Moreover, the measured minimum insertion loss of the transmission band is 0.43 dB, which is slightly larger than the simulated one (0.19 dB). The difference between the measured and simulated results is possibly due to the assembly error of the prototype and the measurement error from the PPW setup (the foam absorbers are not perfect to prevent the reflected waves).
The simulated and measured absorption rates are correspondingly shown in Fig. 11(b) . It is seen that two absorption bands are located at both sides of the transmission band. The lower absorption band for absorption rate higher than 90% ranges from 1.17 GHz to 2.27 GHz, while the higher absorption band ranges from 4.23 GHz to 6.87 GHz. The fractional bandwidth for the lower and higher absorption bands are 63.9 % and 47.6 %, respectively.
The simulated S-parameters under the oblique incidence scanned in the xz-and yz-planes are plotted in Figs. 12(a) and (b) , respectively, which exhibit stable frequency responses. It is worth noting that under the oblique incidence scanned in the xz-and yz-planes, the E-field is along the y-direction and the H -field is along the x-direction, respectively. It is also seen that the stability under the oblique incidence in the yz-plane is better than that in the xz-plane, which is due to the fact that for each PPW section, the height (h sc , etc.) along the y-direction is much smaller than the width in the x-direction (W ). We can also see an interesting performance from Fig. 12(b) that when the incident angle in the yz-plane increases to 45 • , |S 11 | is greatly improved compared with that under the oblique incidence. In order to demonstrate the advantages of our proposed AFST, a comparison with the current state of the art designs is shown in Table 2 . It is seen that our proposed design and that in [14] has the smallest thickness. However, the design in [14] has only one-sided absorption band. The design in [25] , which constructs multiple resonances to obtain wide absorption bands, has 1.5 times higher absorption bandwidth compared with our proposed one. However, our proposed design has superior performance in terms of wider lower absorption bandwidth, lower insertion loss and thinner thickness. Moreover, only three lumped elements are needed in one unit-cell of the proposed design, which is one third of those used in [25] .
IV. CONCLUSION
This paper has introduced a 3D AFSR that utilizes the intrinsic reflection band and higher-order absorption band of a 3D absorber by simply loading a capacitor inside the structure. The 3D AFSR exhibits a reflection band and two absorption bands located at two sides of the reflection band, whose FBW are 24.7%, 72.5% and 48.6%, respectively. An advantage of this structure is that its reflection band can be easily tuned by varying the gap width and length of the printed gap capacitor. A 3D AFST is then presented, which consists of the 3D AFSR and a 3D band-pass FSS (a PPW in this design). The operating principle is demonstrated, revealing that the absorption and transmission performance are almost independently determined by the AFSR and the band-pass FSS. A prototype of the proposed 3D AFST is fabricated and measured, which exhibits a transmission band of 30% FBW and 0.4 dB insertion loss, a lower absorption band of 63.9 % FBW and a higher absorption band of 47.6 % FBW. Compared to previous structures, our proposed AFST has simpler structure, thinner thickness and wider lower absorption bandwidth. 
